Introduction
Sex allocation is the apportioning of parental resources to male versus female offspring in a sexually reproducing species. Sex allocation theory assumes that natural selection favours parents that modify their investment into male and female offspring in such a way that it maximizes the parent's fitness (Fisher 1930; Charnov 1982 ). Fisher's equal allocation theory (1930) states that selection should favour an unbiased sex ratio at the population level. Because each offspring has a mother and a father, males and females will on average make equal genetic contributions to the next generation. Offspring of the minority sex will yield a greater per capita return on investment, putting a premium on the production of a larger number of offspring of this sex. Thus, frequency-dependent selection acts to favour an equal number of male and female offspring provided that males and females are equally costly to produce. In the case where the costs of producing males and females differ, the prediction must be phrased in terms of the investment ratio into each sex rather than the sex ratio. For example, parents may be selected to bias the offspring sex ratio towards the cheaper sex, such that the overall resource investment in the sexes is equal. Hamilton (1967) was the first to identify conditions that violate the assumptions underlying Fisher's (1930) equal allocation theory. Hamilton pointed out that equal allocation is not expected in species where within-group interactions have a differential effect on the fitness of males and females. For example, if brothers compete over a limited number of mates (i.e. local mate competition), parental fitness will increase if more daughters are produced, as shown in studies on parasitic wasps (Hamilton 1967 ). Thus, selection should favour a sex ratio that is biased towards the sex experiencing the least amount of competition with close kin. In some cases, this is likely to be the dispersing sex (Clark 1978; Silk 1983) . Conversely, selection may also favour a sex ratio that is biased towards the sex that improves within-group conditions for kin (i.e. local resource enhancement). This might for example be the helping sex in cooperatively breeding birds (Emlen et al. 1986; Lessells and Avery 1987) . Finally, Trivers and Willard (1973) showed that individuals could be selected to adjust the sex of their offspring in response to environmental conditions. When environmental conditions have a differential effect on the fitness of male and female offspring, parents should bias the sex ratio of their offspring towards the sex that contributes more to parental fitness (Trivers and Willard 1973) . Such facultative biasing by individual parents can occur despite strong selection for equal investment in daughters and sons in the population.
Theory predicts a number of situations in which individuals should adjust their relative allocation to male and female reproduction. From 1980 onwards there was a profusion of empirical studies testing the various forms of the Trivers-Willard hypothesis (Charnov 1982; Frank 1990; Hardy 2002; West 2009 ). Many of these studies were conducted on haplodiploid Hymenopterans (ants, bees, wasps), where females can control the sex of their offspring precisely because females develop from fertilized eggs and males develop from unfertilized egg (Trivers and Willard 1973; Charnov 1982; Frank 1990; Hardy 2002) . For example, the clearest patterns of individual sex ratio adjustment come from studies on parasitic wasps where females lay a higher proportion of female eggs in large than in small hosts. The reason for this is that there is a strong positive relationship between the size of the host and the number of eggs subsequently produced by daughters, whereas the relationship between host size and mating success is weaker in sons ( Jones 1982) .
In this chapter, I place the topic of sex allocation within the context of parental care by focusing on sex allocation in birds and mammals. Birds and mammals are unique in that several species have been studied in detail with respect to both parental care and sex allocation. First, I give an overview of mechanisms of sex ratio adjustment in birds and mammals. Second, I review a variety of specific social and ecological circumstances that could drive variation in adaptive sex allocation in birds and mammals at both the population and the individual level and discuss how well the observed sex ratio can be explained by traditional sex allocation models. Third, I outline some of the unresolved issues in studies of sex ratio adjustment, suggest alternative predictions for sex ratio adjustment, and discuss future research objectives.
Sex ratio adjustment in birds and mammals
Traditionally, it was thought that birds, mammals and other vertebrates with chromosomal (i.e. genetic) sex determination would have little scope for skewing the sex ratio at birth, because random meiosis would generate a mean sex ratio of 0.5 (Williams 1979; Charnov 1982; Maynard Smith 1978 , 1980 Krackow 1995; Leimar 1996; Pen and Weissing 2002) . Thus, the very possibility of adaptive sex ratio manipulation at conception was questioned, leaving selective mortality of male and female eggs or embryos as the only plausible mechanism for sex ratio adjustment (Maynard Smith 1978; Williams 1979; Charnov 1982; Clutton-Brock 1986; Krackow 1995; Palmer 2000) . However, this view is challenged by more recent studies on a wide range of birds and mammals that have reported significant parental control of offspring sex ratios (Hardy 2002; .
In species that exhibit parental care, manipulation of the proportion of male and female offspring is also possible through differential investment in males and females during the parental care period. For example, in species with sexually size dimorphic young, offspring of the larger sex often consume more parental resources than those of the smaller sex (Anderson et al. 1993) . As a consequence, offspring of the larger sex are more susceptible to starvation than offspring of the smaller sex. Indeed, offspring of the larger sex have been reported to show slower growth (Velando 2002) and/or greater mortality (Wiebe and Bortolotti 1992; Torres and Drummond 1999) when food availability is low. Parents may adjust the relative food provisioning to male and female offspring depending on environmental conditions. For example, when food availability is low, parents may provision more resources to offspring of the less costly sex to enhance their quality and survival. However, the offspring may also be able to influence the allocation of parental investment by demanding more care from the parents. For example, in elephants, male calves receive more milk from their mothers because they demand more from their mothers than the smaller female calves (Lee and Moss 1986) . Furthermore, offspring may indirectly influence parental sex allocation through sibling competition. When food is limited and brood reduction becomes advantageous, early sibling competition may result in biased mortality towards the smaller sex if offspring of the larger sex outcompete offspring of the smaller sex (Chapter 8). This results in brood reduction and an offspring sex ratio that is skewed towards the larger sex. For example, golden eagles (Aquila chrysaetos) do not adjust their hatching sex ratio, but in years of poor food availability, there is a post-natal sex bias in favour of the larger and stronger female nestlings that is caused by brood reduction (Bortolotti 1986 ).
Difficulties applying the theory
The observed sex ratios in birds and mammals have often been interpreted within the framework of classic sex allocation theory. However, there is poor concordance between observed and expected sex ratios in birds and mammals, which might reflect that both the mechanisms of sex determination and the general life-histories differ between birds and mammals and the haplo-diploid insects upon which the standard models of sex allocation are built (Komdeur and Pen 2002; Pen and Weissing 2002; Sheldon and West 2004) . Thus, in order to test sex allocation theory in a given species, it is essential to determine whether the species meets the assumptions of the models and also identify specific conditions that may affect the relative cost of producing each sex or the reproductive potential of the sexes. The following key assumptions are made in sex allocation theory.
First, sex ratio manipulation is assumed to incur no cost to the individual in control (Maynard Smith 1980) . However, cost-free sex ratio manipulation seems unlikely in species with chromosomal sex determination because there is no obvious mechanism by which parents can bias sex ratios at fertilization. If sex ratio manipulation requires selective killing of offspring at some point during development, this may be costly as it results in a loss of invested resources (Myers 1978) . In the Seychelles warbler (Acrocephalus sechellensis), it has recently been demonstrated that sex ratio control arises with virtually no costs ; see Box 10.1). Thus, the assumption that sex ratio manipulation incurs no cost may be valid for birds where females may have more control over sex allocation because they are the heterogametic sex. It is less likely that the assumption holds for mammals, where males may have more control over sex determination because they are the heterogametic sex. There is experimental evidence for male contribution to sex ratio adjustments at birth from a study on red deer (Cervus elaphus), in which females were artificially inseminated with ejaculates from high and low quality males. The study found that highquality males produced more sons than low-quality males (Gomendio et al. 2006) . There was also a positive correlation between the percentage of morphologically normal spermatozoa and the proportion of male offspring, suggesting that males with a higher proportion of normal spermatozoa may benefit from producing sons that inherit this trait (Gomendio et al. 2006) . A possible mechanism by which males may adjust the sex ratio is that ejaculates may differ in the proportion of Y-bearing spermatozoa depending on the male's quality (Chandler et al. 2002) , thus resulting in biases in sex ratio at birth. For example, high-quality males could have a higher proportion of Y-bearing spermatozoa in the ejaculate than low-quality males.
Second, sex allocation models assume that generations are non-overlapping and that parents have a fixed total amount of resources for reproduction. However, birds and mammals usually have multiple breeding attempts and the resulting complex interactions between overlapping generations provide challenges when attempting to apply the theory to these species (Cockburn et al. 2002) . Birds and mammals face a fundamental decision about how much to invest in a particular reproductive episode, which further complicates predictions for the adaptive sex ratio. For example, it is unclear whether ungulate, marsupial, and primate sex ratios are shaped by the overlapping generations of these species, or by other factors such as polygynous mating systems, competition among related females, cooperation among related females and inheritance of maternal rank by daughters (e.g. Trivers and Willard 1973; Clark 1978; Silk 1983; Cockburn et al. 2002) . In this context, parental resources are synonymous with parental investment as defined by Trivers (1972) . Sex allocation theory generally assumes that parents have a fixed amount of resources for reproduction. However, this assumption seems unlikely to be met for income breeders, such as animals that bring in food for their young from their environment, in which reproduction is financed using current energetic income. Furthermore, empirical tests of sex allocation theory based on measures of parental investment face the challenge that parental investment is likely to include more than one resource (such as time and energy), and that any single resource can often be invested in different ways (Chapter 1).
Third, sex allocation models assume that environmental conditions are predictable. Females that live in predictable environments will have access to reliable cues to assess factors that influence the optimum sex ratio, such as the amount of competition over reproduction with other females or the amount of resources available for reproduction. However, environments are often variable in both space and time, which would hamper an organism's ability to assess the relevant environmental factors that determine the optimal sex ratio. For example, the longer the period of parental investment, the more likely it is that environmental unpredictability may con-strain any offspring sex ratio bias, because it would be more difficult for parents to predict the amount of resources they would have available for rearing offspring. There is some evidence that environmental predictability plays such a role from studies showing larger sex ratio biases in ungulates with shorter gestation periods and primates with shorter maturation times (Schino 2004) .
Fourth, sex allocation models assume a single short period of investment and that there are no family conflicts. However, birds and mammals tend to have extended parental care (Chapter 4), which makes it difficult to estimate the relative investment in sons and daughters, especially if differential mortality takes place during the period of parental care (Komdeur and Pen 2002) . Furthermore, both parents cooperate to provide care in most birds (Chapter 9), and the two parents may not necessarily agree on the optimal sex allocation (Charnov 1982) . If so, the outcome of sexual conflict over the sex ratio may depend on which parent controls what aspect of allocation (Pen and Weissing 2002) . For example, male parents may have no control over, or information about, the sex ratio among embryos, but they may have the opportunity to modify sex allocation after hatching or birth. In species with biparental care, selection may also favour specialization whereby each parent invests more in offspring of a particular sex (Lessells 1998) . Finally, in mixed-sexed broods or litters, there may be scope for sex-specific sibling competition that may alter the relative reproductive value of each sex due to differences in competitive ability. For example, in birds where nestlings hatch asynchronously and interact aggressively, sibling competition may alter the relative value of each sex, particularly if it leads to siblicide (Chapter 8). If certain combinations of offspring sexes exacerbate the intensity of sibling competition, there should be selection against these combinations because they may increase the probability of brood reduction (Bortolotti 1986; Bednarz and Hayden 1991) . However, there may be selection for these same combinations under other circumstances, such as when food is limited and brood reduction becomes advantageous. Given that there may be conflicting selection pressures acting on offspring and parents, and on male and female parents, it is now essential to incorporate the effects of within-family conflict into sex allocation theory (West et al. 2001) .
Finally, sex allocation models use a simple measure of fitness. In order to test sex allocation in the field it is necessary to have an adequate measure of fitness. The fitness measure of choice is reproductive value, which is a measure of the long-term contribution to the gene pool (Fisher 1930) . Fitness is often estimated in terms of offspring recruitment, but such a simple fitness measure may not always suffice. For example, Leimar (1996) showed that even if high-quality males have higher reproductive success than high-quality females, a sufficiently strong correlation between maternal quality and offspring quality may increase the reproductive value of high-quality daughters above that of high-quality males. Under these circumstances, it may pay for high-quality mothers to produce daughters, as occurs in some primates and ungulates (Silk 1983; Leimar 1996; Sheldon and West 2004) , thus reversing Trivers and Willard's (1973) prediction.
Sex ratio bias at the population level
Many previous studies have examining broad-scale patterns of sex ratio variation by focusing on the mean and variance in population sex ratios (e.g. Williams 1979; Clutton-Brock 1986; Clutton-Brock and Iason 1986; Palmer 2000) . The finding that most birds and mammals show primary sex ratios close to equality (e.g. Clutton-Brock 1986; Ewen 2001; Ewen et al. 2004; Donald 2007) appears to support Fisher's equal allocation theory. There are a number of potential explanations for the lack of a bias in the population sex ratio. First, selection on the sex ratio may be very weak, as would be expected if the fitness costs and benefits of producing sons and daughters are similar. Second, there may be several opposing selective forces acting on the sex ratio, resulting in weak net selection (Cockburn et al. 2002) . Thus, examining population sex ratios may be a poor test of adaptive sex allocation at the individual level because it is often hard to predict the expected pattern of sex ratio adjustment for a given species, or between species, without detailed data on for example the fitness returns of raising sons and daughters (see Section 10.5).
The problem discussed above is illustrated by two meta-analyses of the literature on sex ratio variation across avian species that came to opposing conclusions with respect to facultative primary sex ratio adjustment in wild bird populations. restricted their analysis to studies with clear a priori predictions, and concluded that birds can show strong sex ratio biases. In contrast, when Ewen et al. (2004) also included studies with weaker a priori predictions, they found no evidence for the general occurrence of avian primary sex ratio adjustment (see also Cassey et al. 2006) . The majority of studies make no clear prediction about which examined factor should influence the sex ratio, and in what direction this effect should be. This situation makes the assignment of positive or negative signs to effect sizes an ad hoc process. Nevertheless, Ewen et al. (2004) identified a few influential case studies that showed particularly large effect sizes, although it is unclear if these studies represent rare biological exceptions in which the study species indeed exhibits sex ratio control, or whether these studies represent false positives (i.e. statistical type-I errors). It is now crucial to replicate key studies to evaluate the robustness and generality of the reported patterns (Palmer 2000; Griffith et al. 2003) . Currently, replication of studies on the same species is scarce (Palmer 2000) , which may partly reflect a publication bias towards significant results (Palmer 2000; West 2009 ). When considering the effects of single traits, it is not necessarily the case that the same pattern should be expected across different populations or species . For example, opposite patterns of sex ratio adjustment were found in two populations of the house finch (Carpodacus mexicanus) In this species, selection differed between the two populations, with sons and daughters doing better in different laying order positions and mothers adjusting their offspring sex ratio accordingly. In one population, the first-laid eggs were mostly female, while in the other population they were mostly male (Badyaev et al. 2002) . The finding that the direction of sex ratio adjustment may differ between populations of the same species clearly illustrates the difficulty of making a priori predictions in cases where the fitness benefits of sex ratio adjustment have not been demonstrated.
Tests of population sex ratio models
One way to improve tests of population sex ratio models is to employ a cost-benefit analysis to make testable predictions about sex ratios under the assumption that facultative sex ratio adjustment will only be favoured when the fitness benefits outweigh the fitness cost. The most extreme and precise sex ratio adjustments are expected in species where the fitness benefits of facultative sex ratio adjustment are high and the costs are low. The benefit of facultative sex ratio variation will depend heavily on the fitness benefits gained from shifting the offspring's sex ratios. Good examples of tests of population sex ratio models involve species where it is possible to estimate the strength of selection for such sex ratio adjustment, for example species with sexual size dimorphism and species that breed cooperatively (e.g. Griffin et al. 2005; Benito and Gonzális-Solís 2007) .
In sexually size dimorphic species, it is predicted that the sex ratio will be biased towards the smaller and cheaper sex at the end of parental care period in such a way that the total investment of parental resources in the two sexes is equal. Parents could balance the total investment of parental resources in the two sexes by adjusting sex ratios between birth and the end of parental care. Under the assumption that species that are more sexually size dimorphic will have a greater sex difference in demand for parental resources (Trivers and Hare 1976; CluttonBrock 1985; Magrath et al. 2007) , it is expected that the change in offspring sex ratio from birth toward the end of the parental care period should correlate with the investment ratio in male and female offspring. In support of this prediction, a comparative analysis on birds with sexual size dimorphism showed that population-level sex ratios are biased toward the smaller sex at fledging, but that this is not the case at hatching . However, another analysis on birds where females are the larger sex showed that there was a tendency for par-ents to produce a higher proportion of sons at both fledging and hatching, although this trend was not statistically significant (Benito and Gonzális-Solís 2007) .
There is little evidence for consistent primary sex ratio biases at the population level in sexually size-dimorphic species (Hartley et al. 1999; Radford and Blakey 2000; Magrath et al. 2007) , with the exception of a recent study on the highly sizedimorphic blue-footed booby (Sula nebouxii; Torres and Drummond 1999) . A potential factor that may constrain adaptive sex ratio biases at the population level is increased mortality of offspring of the larger offspring sex Benito and Gonzális-Solís 2007) . If such differences in mortality are not due to parental decisions, they may moderate the strength of selection for sex ratio biases because a higher baseline mortality of the larger sex would reduce the differences in the costs of producing males and females.
For cooperatively breeding species with sexspecific helping behaviour, it is possible to estimate the strength of selection on sex ratio adjustment. Many studies have reported that helpers increase the reproductive success or survival of their breeding parents (Griffin and West 2003; Chapter 12) . In cooperative breeders, selection may favour parents that produce more offspring of the helping sex . The strength of selection for such sex ratio adjustment is determined by the benefit provided by helpers, which varies across species (Griffin and West 2003) . Helping by philopatric individuals can be thought of as a means for reducing the overall cost of parental investment because such offspring repay their parents. In some cases, helpers have been shown to have large positive effects on the fitness of their parents (Griffin and West 2003) , in which case there is strong selection for sex ratio adjustment towards the philopatric and helping sex (Emlen et al. 1986; Lessells and Avery 1987) . As expected, a meta-analysis across cooperatively breeding species based on nine species of bird and two species of mammal found that there was a significant sex ratio bias at the population level towards the helping sex in species where the presence of helpers leads to greater fitness benefits to the parents (Griffin et al. 2005 ; Fig. 10.1 ). 
Facultative sex ratio variation
In contrast to the general pattern that there is often no sex ratio bias at the population level, there is mounting evidence for facultative variation in sex ratios in species with chromosomal sex determination. Here I review some relevant case studies classified according to the specific factors that were found to correlate with sex ratios.
Food availability
In many animal taxa, the amount of food resources available to the parent determines the amount of care they provide, which in turn influences offspring growth and development (Clutton-Brock 1991; Chapter 1). If the abundance of food has a differential effect on the fitness of male and female offspring, then selection may favour conditional sex allocation. The first to report evidence for conditional sex allocation was Howe (1977) , who showed that the sex ratio was more femalebiased later in the season in great-tailed grackles (Quiscalus mexicanus). This effect was attributed to increasing differential mortality biased towards offspring of the larger sex (in this case males) due to decreasing food availability. In tawny owls (Strix aluco), parents adjust the primary sex ratio within broods in response to the density of prey (voles) on breeding territories (Appleby et al. 1997) . In this species, a higher density of prey was associated with a primary sex ratio that was biased toward the larger sex (in this case females), because female, but not male, offspring had enhanced breeding success when the prey density was high. In contrast, a more recent study on tawny owls that included a much larger sample size failed to confirm that more females were produced when food conditions were favourable (Desfor et al. 2007 ). The inconsistency between the sex ratio allocation patterns within the same species suggests that adaptive sex allocation strategies could differ across populations.
Maternal condition or quality
The first strong evidence for an effect of maternal condition on sex ratio adjustment, as suggested by Trivers and Willard (1973) , came from a study on red deer. In this species, high-ranking females were found to consistently bias their sex ratio toward male calves, while low-ranking females produced an excess of daughters (Clutton-Brock et al. 1984) . Because high-ranking females were in better condition, they could afford to invest more parental resources in their offspring than lowranking females. Male offspring produced by highranking females stand to gain more from their mother's quality than daughters (Clutton-Brock et al. 1982) . The reason for this is that stronger males are better able to defend harems of females during the rutting, and that such males therefore are likely to have a higher reproductive success than males produced by low-ranking females. Since this groundbreaking study, the relationship between maternal condition and offspring sex ratio has been examined in numerous other ungulates with mixed results. Some studies have found support that females in better condition were more likely to produce sons, while others found no relationship or even the opposite pattern with better condition females producing more daughters (Sheldon and West 2004; West 2009 ). One possible reason for these apparently inconsistent results is that sex allocation theory can predict sex ratio adjustment in the opposite direction, such as when social rank is inherited from mother to daughter. For example, in the Cape mountain zebra (Equus zebra zebra), only daughters appear to benefit from having a high-ranking mother. As expected, this species shows a sex ratio shift in the opposite direction with high-ranking females being more likely to produce daughters (Lloyd and Rasa 1989) . Red deer and Cape mountain zebras are therefore at the opposite ends of a continuum ranging from male offspring benefitting from the additional investment provided by high-quality females to female offspring benefitting from such additional investment. Another explanation for the observed differences between studies is that the sex ratio may be affected by maternal age, which in turn may covary with maternal condition (Martin and Festa-Bianchet 2011) . In bighorn sheep (Ovis canadensis), the effect of maternal condition on sex allocation reverses as mothers age. In this species, young females generally produced a sex ratio biased toward sons while old ewes generally produced a sex ratio biased toward daughters. Old ewes could maximize their survival by either skipping reproduction or producing the cheaper sex (in this case females). One of the few studies where maternal condition was manipulated experimentally was conducted on the highly endangered kakapo (Strigops habroptilus), a flightless nocturnal parrot endemic to New Zealand (Clout et al. 2002) . In this species, supplementary feeding led to the offspring sex ratio changing from female-biased to male-biased, thus providing evidence for a causal link between female nutritional condition and offspring sex ratio.
It is important to note that, in order to demonstrate adaptive sex allocation, it is necessary to demonstrate that maternal quality has a differential effect on the reproductive value of sons and daughters. At present, there are some studies where both the pattern of sex ratio adjustment and the fitness consequences have been investigated. For example, in the sexually size-dimorphic lesser blackbacked gull (Larus fuscus), the survival of the larger sex (in this case males) was substantially reduced when they hatched from less well-provisioned eggs (Bolton et al. 1992) . Nager et al. (1999) simultaneously reduced maternal condition by removing eggs, thereby inducing females to lay costly replacement eggs that become progressively smaller, and enhanced maternal condition by supplementary feeding. As maternal condition declined, females progressively skewed the sex ratio toward the cheaper sex (in this case females). However, if maternal condition was subsequently enhanced through supplementary feeding, and the quality of replacement eggs was rescued, more males were produced to the extent that there no longer was a sex ratio bias toward females (Nager et al. 1999 ). Weatherhead and Robertson (1979) were the first to suggest that females should adjust the sex ratio in response to the attractiveness or quality of their mate. If male attractiveness is causally linked with the quality of sons, either through higher quality care or the inheritance of good genes, sons of attractive males might have a higher reproductive value than daughters. It has therefore been argued that it would be adaptive for females to modify the sex ratio in response to male attractiveness. This idea is similar to the classic Trivers and Willard (1973) argument; the only difference being that it is mate quality rather than maternal condition that influences offspring fitness. Analytical and simulation models showed that irrespective of whether male ornamental traits evolve in response to Fisher's runaway process or female preferences for traits that indicate good genes, females mated to more attractive males should be under selection to produce a higher proportion of sons (Fawcett et al. 2007 ). This prediction was confirmed by Burley (1981) who found that female zebra finches (Taeniopygia guttata) produced a male-biased sex ratio when they were paired to attractive males with brighter bills.
Attractiveness or quality of males
Most studies investigating whether there is a relationship between male attractiveness and the sex ratio have been conducted on birds. These studies have shown that some males enhance their reproductive success by mating with females other than their social partner (Birkhead and Møller 1992) . Such behaviour can cause substantial variance in male reproductive success, suggesting that males are more likely to benefit from an increase in mating opportunities than females. Despite considerable research effort, there is mixed evidence for a link between sex ratios and paternal attractiveness with some studies reporting a relationship between male attractiveness and production of sons and others reporting no such relationship (West 2009 ). There are also indications that the relationship between male attractiveness and sex-ratio variation is inconsistent across years or populations of the same species. For example, a study on blue tits (Parus caeruleus) conducted by Sheldon et al. (1999) found that females adjusted the brood sex ratios in response to manipulations of the ultraviolet reflectance of the male's crown feathers, which is a sexually selected trait in this species. Griffith et al. (2003) found correlational evidence confirming this pattern from the same population, but Dreiss et al. (2005) found no association between male plumage colour and offspring sex ratios in a different population of blue tits. Finally, Korsten et al. (2006) replicated the experimental treatment in the study of Sheldon et al. (1999) , and found an association between the ultraviolet reflectance of the male's crown feathers and the sex ratio in only one out of two years. This example illustrates inconsistencies in patterns of sex allocation between studies on the same species. Even the findings of Burley (1981) in zebra finches, which initiated this research area, have not been replicated in later studies (e.g. Zann and Runciman 2003; Rutstein et al. 2005) ; this includes one study using the same experimental design as Burley, but birds from a different population (Von Engelhardt et al. 2004 ).
There are several reasons why only some studies may report a relationship between male attractiveness and offspring sex ratio. First, the advantage of sex ratio adjustment may vary across populations or species due to variation in factors that influence the benefit of sex ratio adjustment, such as influence of mate attractiveness on offspring fitness. Second, several studies have analysed brood sex ratios in relation to the attractiveness of the female's social mate rather than the actual sire, which may have been an extra-pair mate. If sons benefit primarily by inheriting attractive ornaments from their genetic fathers (as would be the case if females gain indirect benefits from mate preferences), then females should adjust the sex ratio in relation to the ornaments of the sires regardless of whether they are within-pair or extra-pair partners. It is unclear whether females are able to bias the sex of young sired by extra-pair males without also biasing the sex of young sired by the social partner in the same brood. Moreover, theoretical models suggest that the strength of selection for sex-ratio adjustment in relation to male attractiveness is weak, and any costs and constraints on sex ratio adjustment would therefore make it less likely that such sex ratio adjustment would evolve (Fawcett et al. 2007 ). Indeed, only four studies of birds have reported evidence of a male-biased sex ratio among offspring sired by extra-pair males, which are presumably more attractive (Du and Lu 2010; Kempenaers et al. 1997; Schwarzova et al. 2008; Johnson et al. 2009 ).
Social environment
The social environment in which a breeding pair lives may also affect sex allocation, for example through local resource competition or through local resource enhancement. Sex allocation in response to local resource competition was initially suggested to explain the male-biased sex ratios in the prosiminian primate Otolemur crassicaudatus (Clark 1978) . Clark (1978) suggested that parents could limit competition among offspring of the philopatric sex (in this case females) by producing more offspring of the dispersing sex (in this case males). Conversely, parents should allocate more resources towards the philopatric sex when competition over resources is low as in many insects ). In the common brushtail possum (Trichosurus vulpecula), where females are the philopatric sex and males the dispersing sex, females spend the day in hollows in large trees sheltering from predators. Females use a number of such dens within their territory and do not share them with other females, including their daughters or sisters. When the number of den sites on the territory are limited, females produce an excess of males to reduce competition for dens (Johnson et al. 2001) . Another example comes from the collared flycatcher Ficedula albicollis, where males are the philopatric sex. In this species, males defend breeding territories, which is a limiting resource. If parents bred in areas where potential breeding territories were abundant, the primary sex ratio was biased toward males (Hernquist et al. 2009 ).
In cooperatively breeding species, where helping may be sex-specific, theoretical models were originally used to predict a population-wide bias in the primary sex ratio (see Section 10.5). However, such models may also be applied at the family or brood level (Trivers and Hare 1976; because the effects of repayment through helping, local resource competition, and local mate competition may operate to varying extent among different families within the population. First, each breeding pair may have different optima depending upon whether they already have some helping offspring, and the fitness effects of additional helpers is likely to show diminishing returns. Second, the territory of the breeding pair may vary in quality, and may not be able to support extra helpers. Helpers may even experience a net loss of inclusive fitness if they consume scarce resources on a territory that otherwise could have been spent on the production of offspring. In both situations, it is predicted that the dominant breeders that lack helpers should bias their offspring sex ratio towards the production of the helping sex, but that the presence of helpers in a social group may be sufficient to cause females to increase the production of the non-helping and dispersing sex. Overall, as shown above, the data show consistent support for this prediction West et al. 2005) . For example, offspring sex ratios vary with helper number in the predicted direction in a number of cooperatively breeding birds and mammals (reviewed in West 2009; Box 10.1). However, there are also several species where sex ratios are not adjusted in response to the number of helpers. An explanation for the variation in extent of offspring sex ratio adjustment across species is that species may differ in the extent of benefit and/or costs of sex ratio adjustment Komdeur 2004 ).
Box 10.1 Sex allocation in the Seychelles warbler
The Seychelles warbler is a rare island endemic that occurred only on Cousin Island in the Seychelles until 1988. Breeding pairs remain together on the same territory for up to nine years. Offspring can delay dispersal from the natal territory and remain to help rear their parents' offspring ( Fig. 10.2) . Helpers are usually daughters from previous broods (Komdeur 1996; Richardson et al. 2002) . Helping includes territory defence, nest building, incubation, nest guarding, and feeding of young. The advantage of having a helper depends on territory quality (measured as insect food abundance; Komdeur 1994; Richardson et al. 2002) . Helpers are costly for parents inhabiting poor territories with fewer insects (i.e. less food), because helpers deplete insect prey. On high-quality territories, the presence of one or two helpers increases the reproductive success of breeding pairs, but the presence of more helpers is detrimental. As predicted by the local resource competition hypothesis, pairs breeding on poor territories maximize their fitness by biasing the sex ratio towards males (i.e. the dispersing sex). Pairs breeding on medium-quality territories produced sex ratios around parity. Finally, pairs breeding on high-quality territories without helpers or with one helper biased the sex ratio toward daughters, whereas such pairs that already had two helpers present produced mainly sons (Fig. 10.3) .
Helper removal experiments confirm that sex ratio bias is causally linked to helpers. When pairs breeding on high-quality territories had one of their two helpers removed, they switched from producing all sons to producing 83% females (Komdeur et al. 1997) . Furthermore, when an additional population was established on nearby Aride Island in 1988 in an effort to conserve the species, data on the same parents transferred between islands confirmed that the sex ratio differences were related to territory quality. Breeding pairs that were transferred from low-to high-quality territories, switched from producing 90% sons to producing 85% daughters. Pairs switched between high-quality territories showed no change in sex ratios, producing 80% daughters before and after the switch (Komdeur et al. 1997) . Sex ratio control in the Seychelles warbler appears to be virtually cost-free. Sex-specific embryo mortality between egg laying and hatching can be ruled out because the sex of dead embryos as revealed by molecular techniques was not biased towards the less adaptive sex (Komdeur et al. 1997 . Thus, in these cases, the sex ratio must have been biased inside the mother.
Observational analysis on the fitness consequences of producing sons and daughters by unassisted breeding pairs in different quality territories confirms the advantage of producing sons in low-quality territories and daughters on high-quality territories. This arises through effects due to the offspring helping and through their reproduction. On low-quality territories, neither helping sons nor helping daughters significantly influence the raising of offspring. In contrast, daughters do provide significant help in raising Figure 10 .3 (a) Sex ratio of nestlings produced by Seychelles warbler pairs in relation to quality class of breeding territory (territory quality classes: low-quality territory, medium-quality territory; and high-quality territory; 1993-1995). Young were hatched from one-egg clutches only in different years. No additional young were present on the territory. (b) Sex ratio of nestlings produced in relation to quality class of breeding territory when one or two or more helpers were present on the territory (1995) (adapted from Komdeur et al. 1997 ).
offspring on high-quality territories. Furthermore, territory quality has a greater impact on the breeding success of daughters. This observational evidence was confirmed by a cross-fostering experiment of nestlings. In this experiment, nestlings were swapped between unassisted breeding pairs on low-and high-quality territories that were feeding a nestling of the putatively adaptive sex. By swapping nestlings immediately after hatching, some breeding pairs were forced to raise either a foster son or a foster daughter, allowing comparison of the subsequent inclusive fitness gains for pairs raising male and female offspring. Pairs breeding on low-quality territories that were allocated foster sons gained significantly higher inclusive fitness benefits than those raising foster daughters, while the reverse was true for pairs breeding on high-quality territories (Komdeur 1998) . This finding provides strong evidence that sex allocation in the Seychelles warbler is adaptive for the breeding pair.
Sibling competition
Competition among siblings for access to parental resources that are required for the offspring's development and survival (Chapter 8) may have an important effect on sex allocation because males and females often differ in morphology, physiology, and behaviour. Thus, male and female offspring may differ in their requirements for parental resources, the way in which their survival is influenced by the environmental conditions they experience during early development, and/or their competitive abilities. If certain sex ratio combinations among the offspring exacerbate sibling competition, there could be selection against such sex ratios because they could lead to sub-optimal development and wasteful brood reduction. Recent work on a variety of vertebrates suggests that sex-specific sibling interactions may be common, and asymmetrical interactions between males and females in mixed-sexed litters or broods can also have longterm consequences for survival and reproduction (Uller 2006) . Sibling competition among males and females may start as early as in utero. For example, in polytocous mammals that produce many offspring in a single birth, androgens produced by male foetuses could have adverse effects on the development of female embryos, and competition for limited resources in utero may therefore be asymmetrical between the sexes. In mice and other rodents, leaking of steroids through the foetal membranes leads to an increased exposure to steroids in females positioned close to males, resulting in more masculinized phenotypes at birth, reduced sexual attractiveness, and reduced fecundity (Ryan and Vandenbergh 2002) . In Soay sheep (Ovis aries), females born with a male twin have a lower birth weight and lifetime reproductive success than females born with a female twin. In contrast, the birth weight of males is not dependent on the sex of their twin, although it is unknown whether there is an effect on their lifetime reproductive success (Korsten et al. 2009 ). Similar results showing that in utero sibling competition between males and female can have consequences for birth weight have been reported for humans (James 2002) and other mammals (Kühl et al. 2007) .
Sibling competition between male and female offspring may also occur after birth, for example due to sex differences in food requirements. A sex ratio biased toward the larger and more demanding sex can lead to reduced growth and survival for individual offspring of that sex (reviewed in Uller 2006) . For example, in the lesser black-backed gull, the pre-fledgling survival of offspring of the larger sex (in this case males) was strongly reduced in an experimental brood comprising male offspring only, while the pre-fledgling survival of the smaller sex (in this case females) was unaffected by the sex composition of the brood (Nager et al. 2000) .
When the offspring's fitness is dependent on the sex composition of the brood before and/or after birth, selection may favour maternal adjustments of within-brood sex ratios. However, there is currently no clear evidence for sex ratio adjustment among broods in response to sex-specific sibling interactions (e.g. Cockburn et al. 2002; Krackow 2002) . For example, there is no evidence for a bias against mixed-sex litters in Soay sheep even though selection is expected to favour females that produced same-sex litters. In Soay sheep, twins are relatively rare (15%), which may further weaken selection against mixed-sex litters (Korsten et al. 2009 ). The absence of such an adjustment could also be explained by mechanistic constraints or some as yet unknown opposing selective pressures (Uller 2003) . It is noteworthy that the clearest evidence for adaptive sex ratio adjustment according to maternal or environmental conditions comes from species that produce a single offspring that develops independently from other siblings, such as red deer (Clutton-Brock et al. 1984; Kruuk et al. 1999) or Seychelles warblers (Komdeur et al. 1997) .
Deleterious effects of sibling competition between male and female offspring may be reduced if parents adjust the hatching or birth order of males and females within the brood (reviewed in Carranza 2004) . For example, in some size dimorphic species, offspring of the smaller sex may be at a considerable disadvantage when competing for food against offspring of the larger sex (Stamps 1990) . Mothers may seek to offset this disadvantage by ensuring that the members of this sex are produced earlier in the hatching order. For example, in the Harris's hawk (Parabuteo unicinctus), males are more likely to hatch first in the clutch than their larger sisters, and this has been interpreted as a mechanism to avoid maladaptive brood-reduction (Bednarz and Hayden 1991) . Furthermore, parents may mitigate the adverse consequences of sibling competition by preferentially provisioning food to offspring of the smaller sex to counteract the effects of sex-biased sibling competition.
Sexual conflict
Parents may rarely have an equal degree of control over the sex ratio of the offspring they produce. In general, the heterogametic sex might be expected to have some control through influences on the segregation of the sex chromosomes at meiosis, while females might be expected to have some control through sex-specific fertilization and/or embryo resorption or abortion. Female birds are expected to have greater control over the sex ratio at hatching than female mammals. The reason is that females are the heterogametic sex in birds, and therefore they might exercise control both through influences on the segregation of the sex chromosomes and through sex-specific embryo resorption or abortion. In contrast, males are the heterogametic sex in mammals, leaving females with control through sex-specific fertilization and/or embryo resorption or abortion. A study on red deer suggests that male mammals may influence the sex ratio of their offspring (Gomendio et al. 2006) , thus creating an unforeseen evolutionary scenario that includes conflicts of interest between males and females. For instance, a fertile male may benefit from producing sons, but the costs of raising a male may be high for a female in poor physical condition (e.g. Gomendio et al. 1990 ). This level of sexual conflict between parents may improve our ability to explain biases in sex ratio at birth.
With sufficient scope for sexual conflict over the sex ratio of offspring, mathematical models suggest that the optimal sex ratio bias may depend on which parent is in control (Mesterton-Gibbons and Hardy 2001) . Especially in species with distinct sex roles, it is straightforward to envisage scenarios in which the fitness of the parents is not affected equally by the offspring sex ratio. For example, in the Eurasian sparrow hawk (Accipiter nisus) where the parent of the smaller sex (in this case males) does most of the food provisioning and the parent of the larger sex (in this case females) guards the nest, the greater energy consumption by female offspring in the nestling phase (Vedder et al. 2005) may have a greater effect on the residual reproductive value of the male parent.
In the context of sexual conflict in cooperative breeding systems, the value of sons and daughters may depend on the costs and benefits for parents of having helpers , which may not necessarily be equal for male and female parents. For example, in the superb fairy wren (Malurus cyaneus), the presence of male helpers enhances the survival probability of the breeding female to the next year (Russell et al. 2007 ), while the dominant male loses more paternity to extra-group males (Mulder et al. 1994) . In this species, male helpers may release the female from dependency on care from the dominant male, giving her more freedom to engage in extra-pair copulations. Hence, while females obviously benefit from producing the helping sex, males may suffer through a greater loss of paternity.
Concluding remarks and future directions
In this chapter I have reviewed studies on sex allocation linked to parental care in birds and mammals. The review highlights that evidence for adaptive sex-ratio adjustment is equivocal. Sex ratio biases may occur at birth, but may also occur during the period after birth when parents provide care. Whether parents adjust the sex ratio before or after birth may depend on the degree to which environmental conditions are predictable. When conditions are unpredictable, parents may do better by adjusting the sex ratio after birth when the parents have access to better information on the actual food abundance. Differential parental care towards sons and daughters is evident in many sexually dimorphic species, and may reflect the fact that parents have been selected to respond to the physiological needs of their male and female offspring (Chapter 7). However, other studies report no evidence for a sex ratio bias, either at birth or at the end of parental care period, despite the fact that the conditions predicted to favour adaptive sex ratio adjustments are satisfied. This discrepancy between the results of studies conducted under what appear to be similar conditions emphasizes that we need a more sophisticated theory for an understanding of when offspring sex ratio manipulation should be expected, as well as more empirical data on when sex ratio manipulation occurs. Furthermore, we need to recognize that the predictions from sex allocation theory ultimately are about the total investment of resources into male and female offspring rather than the sex ratio.
In addition, there is a need for more experimental and long-term studies of the fitness effects of sex ratio adjustments. Experimental studies are necessary to get a better understanding of the causal and functional significance of sex allocation, including studies seeking to disentangle the extent to which sex ratio variation is generated through mechanisms operating before and after birth. Although experimental studies on brood sex ratio variation in birds and mammals are scarce, the first promising results are now emerging (Komdeur and Pen 2002; Robert and Schwanz 2011) . Such experimental studies should be designed to target the factor that is assumed to favour adjustments to the sex ratio, and the resulting changes in sex ratio adjustment can subsequently be observed. In cases where a significant effect is reported, such studies provide good evidence for a causal relationship between the target factor and the sex ratio. However, it should be noted that non-significant results do not necessarily justify the conclusion that there is no causal relationship between the target factor and the sex ratio, because concurrent selection pressures other than the manipulated factor may potentially mask the effect of the manipulated factor on sex allocation (Grindstaff et al. 2001; Alonzo and Sheldon 2011) . For example, in cooperatively species, it is possible that local resource enhancement and local resource competition operate simultaneously because different groups may be exposed differently to factors such as local competition and number of helpers present in the group. To address this issue, research should focus on quantifying and separating the effects of the factor under investigation with other factors on sex allocation strategies.
Many studies of sex ratio variation draw strong inferences about the adaptive value of sex ratio strategies without having access to sufficient information on the effect of sex allocation on individual fitness. Therefore, it is also important to obtain more detailed information on the fitness functions of both parents and male and female offspring (Leimar 1996; . The lack of experimental work examining the fitness effects of sex allocation does not seem to be due to difficulties associated with conducting experiments but may reflect the difficulties associated with how to measure fitness effects (e.g. Komdeur 2004; Alonzo and Sheldon 2011) . Until now, most studies have focused on short-term fitness effects of sex allocation, which may not accurately reflect the long-term fitness consequences. The reason for this is that the environment in which an individual lives is likely to vary both spatially and temporally and, as such, the short-term fitness benefits for offspring and parents of both sexes can be offset later by, for example, increased local competition between individuals of the same sex (West et al. 2001) . For the majority of populations, information on the long-term fitness effects of sex allocation for parents and male and female offspring is not available and may prove difficult to obtain (Lessells et al. 1996) . One should keep in mind that estimates of fitness should ideally include the lifetime reproductive success of all sons and all daughters produced over the female parent's and the male parent's lifetime.
A major task for both theoretical and empirical work on sex allocation is to consider the influence of variable selection pressures and constraints when applying the theory to particular species. There is a need for theoretical models that can predict the observed variation in the amount and precision of sex ratio manipulation in response to the specific factors that are thought to influence the selection pressure. In addition, there is also a need for empirical work that tests these revised theoretical models. Another exciting area of research on sex allocation concerns the intersection between proximate and ultimate explanations of sex allocation. Such research may help explain how and why animals deviate from equal sex allocation, as well as the degree to which the underlying mechanisms evolve both within and between species. Once more studies on sex allocation are available, a meta-analysis should examine the association between specific factors and sex ratio adjustment. Such an analysis would benefit from clear predictions about the relationship between a factor of interest and offspring sex ratios. Given the variable conditions encountered by different species, it might be unreasonable to assume that there would be a common effect size across all studies. Hence, caution is required when pooling studies in a meta-analysis. A first step in this direction would be to conduct a meta-analysis on the relationship between male attractiveness and the sex ratio of offspring, because there are now a substantial number of published studies on this issue. A nonformal summary of the published work suggests a trend towards the production of sons when mating more attractive males (reviewed in West 2009), but a meta-analysis would be needed to confirm this pattern.
